Phylogenetic studies of -2,000 bases of sequence from the large and small nuclearencoded ribosomal RNAs are used to investigate the origins of the genus vblvox. The colonial and multicellular genera currently placed in the family Volvocaceae form a monophyletic group that is significantly closer phylogenetically to Chlumydomonas reinhardtii than it is to the other unicellular green flagellates that were tested, including Chlamydomonas eugametos, Chlorella pyrenoidosa, and Haematococcus lacustris. Statistical analysis of 25 1 phylogenetically informative nucleotide positions rejects the "volvocine lineage" hypothesis, which postulates a monophyletic evolutionary progression from unicellular organisms (such as Chlamydomonas), through colonial organisms (e.g., Gonium, Pandorina, Eudorina, and Pleodorina) demonstrating increasing size, cell number, and tendency toward cellular differentiation, to multicellular organisms having fully differentiated somatic and reproductive cells (in the genus Volvox) . The genus Volvox appears not to be monophyletic. Volvox cupensis falls outside a lineage containing other representatives of Volvox ( V. aureus, V. carteri, and V. obversus) , and both of these Volvox lineages are more closely related to certain colonial genera than they are to each other. This implies either a diphyletic origin of Volvox from different colonial volvocacean ancestors, a phylogenetic derivation of some of the colonial genera from a multicellular (i.e., Volvox) ancestor, or both. Considered together with previously published observations, these results suggest that the different levels of organizational and developmental complexity found in the Volvocaceae represent alternative stable states, among which evolutionary transitions have occurred several times during the phylogenetic history of this group.
Introduction
The family Volvocaceae comprises several genera of motile green flagellates in which 2" Chlamydomonas-like biflagellate cells are held together in predictable arrangements within a common extracellular matrix (Starr 1980) . They reproduce asexually when some or all of the cells grow 2"-fold before executing n rapid cleavage divisions to produce a new generation of individuals with 2" cells ( fig. 1) . The "volvocine lineage" comprises Chlamydomonas plus a subset of volvocacean genera that have been aligned in a conceptual series demonstrating a progressive increase in cell number (increasing value of n) , volume of extracellular matrix per cell, and proportion of cells incapable of asexual reproduction (Kochert 1973; Starr 1980) . In Chlumydomonas, n is 2-4, and the cells separate from one another after division. In Gonium, n is 2-5 in various species, and the cells cohere to form a convex discoidal colony. In similarities in cytoarchitecture (Lang 1963; Greuel and Floyd 1985; Taylor et al. 1985) , composition of extracellular matrix (Adair et al. 1987; Matsuda et al. 1987) , and physiology (Klein and Cronquist 1967) suggest that the volvocaceans are rather closely related to one another and to Chlamydomonas; nevertheless, the characters linking the members of the Volvocaceae and ordering them in a supposed progression are hardly robust enough to justify unquestioning acceptance of a simple phylogenetic series leading to ~olvox. As Vande Berg and Starr ( 197 1, p. 2 12) have stated, "the concept of this [ volvocine] evolutionary series is based entirely on subjective criteria, and as yet there are little or no cytological, genetic, immunological or physiological data which provide proof." Dissenting phylogenetic hypotheses have been proposed: it has been postulated that some (Fritsch 1935, p. 105) or all (Crow 1918) of the species currently included in the genus Volvox may have been derived from green flagellates in the family Haematococcaceae, not in the family Volvocaceae. Shaw ( 19 16, 19 19, 1922a Shaw ( 19 16, 19 19, , 19226, 1922 noted sufficient diversity among species now grouped in the genus 'volvox that he placed them in five genera and two families, which might be taken to suggest even more complex origins for the group. Currently, taxonomists tend to beg the phylogenetic question and employ the scheme of Smith ( 1944) that groups all of these species into a single genus but then subdivides the genus into four sections that take cognizance of some of the morphological diversity recognized earlier by Shaw. The volvocine flagellates are an excellent group in which to examine the developmental genetic and evolutionary pathways linking unicellular, colonial, and multicellular organisms. A phylogenetic reconstruction that is independent of volvocine morphology is needed to discriminate between the hypothesized unidirectional evolutionary increase in organismal complexity and the alternative possibility that the recognized volvocine genera represent grades of organization among which multidirectional evolutionary transitions have occurred. Robust phylogenetic hypotheses are needed also to investigate the evolutionary origins of the genes that regulate germsoma differentiation, whose characterization is underway in V. carteri f. nagariensis (reviewed in Kirk and Harper 1986; Kirk et al. accepted) . Aligned nucleotide sequences of nuclear-encoded ribosomal RNA (rRNA) are used here to provide an independent estimate of volvocine phylogeny within which the patterns and processes of morphological and genie evolution can be identified.
Material and Methods
Approximately 2,000 bases of large-and small-subunit nuclear-encoded rRNA sequences are compared among 16 flagellate taxa. We have chosen to study specific segments of rRNA that are known, on the basis of previous studies (Larson and Wilson 1989; Larson 1991a) , to evolve at rates appropriate for discriminating phylogenetic relationships on a relatively recent time scale. Synthetic oligonucleotides of DNA complementary to highly conserved segments of rRNA were used as primers to sequence cellular rRNA directly (Larson and Wilson 1989) . By this means the sequencing reaction is localized to the appropriate ribosomal segment by the specific binding of the oligonucleotide primer to its unique complementary sequence, which also facilitates sequence alignment. Sequence confirmation was accomplished by using additional primers designed to read overlapping segments of rRNA (Larson and Wilson 1989; Larson 199 1 a) . The ribosomal segments sequenced are shown schematically in figure 3 , with the positions of the priming sites indicated. The sequences of oligonucleotide primers marked on the figure are given in table 1.
We sampled eight genera (Chlamydomonas, Eudorina, Gonium, Pandorina, Platydorina, Pleodorina, Volvox, and Volvulina) of the family Volvocaceae, as well as two outgroups ( Chlorella and Haematococcus). The 16 taxa analyzed (with strainidentification numbers given in parentheses) were as follows: Chlumydomonas eugametos Moewus (CC-14 19 ) , Chlamydomonas reinhardtii Dangeard ( R3 ' ) , Chlorella pyrenoidosa Chick ( 1230) flagellate rRNA sequences were aligned as closely as possible to homologous sequences from representative angiosperms; for the large-subunit rRNA the rice sequence of Takaiwa et al. ( 1985) was used as a reference, and for the small-subunit rRNA the soybean sequence of Eckenrode et al. ( 1985) was used.
A phylogenetic topology was derived from the rRNA sequences (aligned by eye) by using the criterion of parsimony ( Swofford 1990; Swofford and Olsen 1990) . Several statistical methods were used to evaluate the robustness of the different branches of this phylogenetic tree. Felsenstein's ( 1985 ) confidence-interval test was used to evaluate alternative phylogenetic hypotheses that could be expressed using three representative species and an outgroup. This test is similar in theory to the winning-sites test used by Prager and Wilson ( 1988) . When the trees being compared contain more than four species, Templeton's ( 1983) application of the nonparametric Wilcoxon test was used to evaluate alternative phylogenetic topologies by the parsimony criterion. Only comparisons that yielded values of P < 0.05 are accorded significance in the Results section.
Results
The rRNA sequences obtained for 16 algal taxa were aligned with each other and with homologous angiosperm sequences. Phylogenetically informative sites from the aligned sequences are shown in figure 4. Sequences obtained by direct sequencing of small-subunit rRNAs of Chlamydomonas reinhardtii and Volvox carteri are in accord with the corresponding DNA sequences published by Gunderson et al. ( 1987) and Rausch et al. ( 1989) . The most parsimonious tree relating the aligned sequences (obtained using the computer program PAUP) is shown in figure 5 . The evolutionary changes in nucleotide sequence that are inferred using the tree topology of figure 5 are summarized in Takaiwa et al. ( 1985) , for large subunit, and soybean sequence, reported by Eckenrode et al. ( 1985) , for small subunit].
Phylogenetically informative sites are those for which derived states are shared by two or more flagellate sequences when the criterion of outgroup comparison is used.
Numbers at the tops of the columns (read vertically) are the standard numbers for the outgroup sequences. Dots denote identity to the sequence in row 1; dashes denote gaps in the aligned sequence. Where alignment gaps occur in the reference sequence (line 1 ), sites are counted alphabetically from the immediately preceding base number in the reference sequence. Base designations are as follows: A = adenine; C = cytosine; G = guanine; U = uracil; and N = any or unknown. Although omitted from this figure, phylogenetically uninformative variation was included both in our assessment of molecular evolutionary pattern and in fig. 5 . All sequences were obtained in the present study, except for those of the angiosperm outgroup. Downloaded from https://academic.oup.com/mbe/article-abstract/9/1/85/986465 by guest on large-subunit rRNA sequences and for three regions of the small-subunit rRNA sequences. Five of these correspond to the segments of the large subunit that are designated divergent domains 1-3, 9, and 10 by Hassouna et al. ( 1984) .
Molecular Evolutionary Pattern
The molecular evolutionary pattern of these rRNA sequences was investigated to determine whether they meet the assumptions underlying the use of the parsimony criterion for phylogenetic analysis. Parsimony analysis can provide a statistically consistent estimate of phylogeny only if ( 1) variable sites do not show substitutional saturation, (2) expected amounts of change on diverging branches of a tree are approximately equal (Felsenstein 1988) ) and ( 3) base composition is approximately conserved (Sidow and Wilson 1990) .
Four parameters were used to evaluate the extent of substitutional saturation. First, the average number of changes inferred per base position in the aligned sequences was calculated. This value (0.7) is sufficiently small that substitutional saturation is not likely to be problematic, even when the nonrandom distribution of change among the sites is taken into account (table 3) . Even the most heavily substituted region (divergent domain 2; table 2) averages fewer than two changes per site on a tree having 16 terminal taxa (including outgroups) and 13 internal branches.
Second, the density distribution of changes among molecular sites was assessed using the negative binomial distribution, which is defined by the mean (m) number of changes per site (as inferred from the phylogenetic tree) and k = m*/( s*-m), where s* is the variance (Bliss and Fisher 1953; Uzzell and Corbin 197 1) . As k increases from 1 to infinity, the negative binomial distribution converges to a Poisson distribution. For most of the ribosomal segments studied here, k is too small (median = 1.6; table 3) for the distribution of changes among sites to be considered random, indicating that some molecular sites are much more likely than others to undergo evolutionary change. Divergent domain 2, the only ribosomal segment studied here for which the average number of substitutions per site ( 1.7 ) is substantially greater than 1 (table 2 ) , has a relatively high value of k (9.0), which diminishes the potential problem of substitutional saturation.
Third, the parameter alpha ( =m*/s*) was used to express the density distribution of changes among molecular sites (Nei and Li 1979) . The mean value of alpha measured here (0.53; table 3) is compatible with those of DNA sequences that have been used in other systematic studies (Cat-r et al. 1987; Wilson et al. 1989) .
Fourth, the measured ratio of transitions (substitutions that replace purines with purines and that replace pyrimidines with pyrimidines) to transversions (substitutions that replace pyrimidines with purines, and vice versa) was calculated. Comparisons of recently diverged cellular genomes demonstrate an approximately twofold excess of transitions over transversions (Fitch 1980; Jukes 1980; Nichols et al. 1980 )) whereas more distant (i.e., more extensively saturated) sequence comparisons demonstrate a lower ratio (De&he et al. 1987) whose expected equilibrium value depends on base composition ( Holmquist 1983 ) . The transition / transversion ratios (mean 1.5 ) observed for these ribosomal sequences greatly exceed the expected equilibrium value of -0.5 (table 4) .
Considered together, the measurements of m, k, and transition/transversion ratio indicate that substitutional saturation is not a serious problem for these sequence comparisons. More quantitative theoretical work is needed, however, for a precise To evaluate the assumption that the expected amount of molecular evolutionary change is symmetrical along the diverging branches of the tree, the index of dispersion (R = variance/mean rate; see Gillespie 1986~) is calculated using values summed from each terminal branch back to the root of figure 5 . If the molecular clock were a perfectly Poisson process, R would equal 1. However, the values measured for the proteins used in molecular-clock studies are usually higher (-2-3; Kimura 1983, p. 78) , and values >30 have been reported in more extensive surveys of protein and nucleic acid evolution (Gillespie 19866, 1989) . Because changes recorded within the individual rRNA segments analyzed here are relatively small, R values were calculated for all segments together, including both base substitutions and length mutations. The average amount of change summed from each terminal branch to the root ( fig. 5 ) is 125.7 changes. The R value calculated for all 14 taxa is relatively large (9.0); however, much of this variance is contributed by just four branches. The lineages leading to Chlamydomonas eugametos and Volvox aureus are unusually long (2 11 and 184 changes, respectively), whereas those leading to Chlamydomonas reinhardtii and Eudorina are unusually short (87 and 93 changes, respectively). When these four branches are eliminated, R declines to a more acceptable value of 1.8. In phylogenetic reconstruction, the principal error that is to be anticipated when changes are asymmetrically distributed is a tendency to group together, regardless of their actual phylogenetic affinity, lineages that have undergone unusually large amounts of change (Felsenstein 1988) . The lineages showing anomalous levels of change are not associated with one another on the tree reported here, however, and different regions of the tree show the same average amount of evolutionary change in rRNA sequence. When the changes from the terminal branches are traced back to the root of figure 5, the taxa grouped at node 5 average 12 1.8 changes, those grouped at node 9 average 125.4 changes, and the remaining three taxa average 134 changes. In short, rate asymmetries appear not to have generated artifact& branching patterns on this tree. The base compositions of rRNA sequences for five taxa (Chlamydomonas eugametos, Chlorella, Pandorina, Volvox carteri nagariensis, and the angiosperm outgroup) were compiled. For all of the segments analyzed, standard deviations of base composition are ~5% for each category (A, C, G, and U).
Overall, the molecular evolutionary pattern of these rRNA sequences was judged fig. 4 . a Mean number of changes per site in aligned sequences (based on the 1,209 changes listed in table I), inferred from topology in fig. 5 and from Chlorella and angiosperm outgroups (16 taxa).
(at least in a first approximation) to be compatible with the requirements of parsimony analysis; all but one of the assumptions underlying parsimony analysis are met, and the artifact most likely to be caused by the observed deviation from the remaining assumption (i.e., grouping of taxa with unusually high rates of substitution) is not obtained. Therefore, the robustness of the branching structure in figure 5 was evaluated by statistically testing a series of subsidiary hypotheses by using the parsimony criterion.
Origins of the Genus I'ulvox
Crow ( 19 18) proposed that the cytoplasmic connections linking neighboring cells in adults of many V&ox species indicate that this genus was derived not from the colonial Volvocaceae but from another volvocalean group, the "Sphaerellaceae" (now Haematococcaceae ) , which includes Sphaerelfu (now Huematococcus) plus Stephanosphaeru. This hypothesis was tested using the statistical criteria of Felsenstein ( 1985) , with Chlorellu as the outgroup (fig. 6) Fritsch ( 1935, p. 105) disputed the monophyly of the species now included in the genus I'dlvox by noting that two major features distinguishing certain species of V&ox from the colonial Volvocaceae do not appear together within the genus; these two features are ( 1) early differentiation of reproductive from somatic cells and (2 ) cytoplasmic connections between neighboring cells in the adult. Cytoplasmic connections between neighboring cells are most prominent in the section of the genus currently called the "Euvolvox," where reproductive cells are derived, late in the life cycle, from cells that initially differentiated and functioned as vegetative cells (just as they do in colonial Volvocaceae) . In contrast, the earliest and most complete division of labor between vegetative and reproductive cells occurs in the section of the genus called "Merrillosphaera." Early in embryonic development the two cell types are set apart by asymmetric cleavage divisions in many species of the Merillosphaera; all cytoplasmic connections break down, however, at the end of embryogenesis and are totally absent in the adults (just as they are in colonial Volvocaceae). Because of this 
Paraphyly of the Genus Chlamydomonas
Chloroplast DNA (ctDNA) was used to infer that Chlamydomonas eugametos and Chlamydomonas reinhardtii have been diverging for a prolonged period of time and/or that the rate of chloroplast DNA evolution is extremely high in this group (Lemieux and Lemieux 1985 ) . Similar conclusions have been drawn from studies of restriction patterns and partial sequence data for the nuclear rRNA genes for these two species (Jupe et al. 1988) . Moreover, it has been shown that, in terms of extracellular matrix composition and coassembly, Chlamydomonas reinhardtii resembles Volvox carteri much more closely than it resembles Chlamydomonas eugametos (Adair et al. 1987) . The hypothesis that Chlamydomonas reinhardtii shared a common ancestor with Volvox carteri more recently than it did with Chlamydomonas eugametos was tested using Chlorella as an outgroup (table 5, test 11) . Forty-nine of 6 1 informative sites favor grouping Volvox carteri and Chlamydomonas reinhardtii as sister taxa relative to Chlamydomonas eugametos, a result that is statistically significant by the criteria of Felsenstein ( 1985 ) . This result indicates that the genus Chlamydomonas is paraphyletic with respect to the multicellular volvocine flagellates. A similar conclusion, based on sequences of nuclear-encoded 18s r-RNA sequences, was independently drawn by Buchheim et al. ( 1990) .
Relationships within the Genus Volvox
Current taxonomic practice subdivides the genus Volvox into four sections, according to criteria established by Smith ( 1944) . The relationships of three of these sections were investigated by comparing rRNA sequences for three taxa in the sub- section Merrillosphaera, (Volvox carteri f. nagariensis, Volvox carteri f. weismannia, and Volvox obversus), one in the. section Euvolvox, ( Volvox capensis), and one in the section Janetosphaera. ( Volvox aureus) . Five of the four-taxon tests in table 5 (tests 7-9 and 14-15) address the relationships within and among these subdivisions of Volvox. The results are consistent with the phylogenetic distinctness of the sections Euvolvox, Janetosphaera, and Merrillosphaera.
The molecular data also indicate that Euvolvox is the most phylogenetically divergent of these three sections of Volvox. The remaining sections of Volvox form a cohesive group that also includes Pleodorina. Test 9 of table 5 indicates that Pleodorina is significantly closer to the Merrillosphaera section of Volvox than either of these is to Euvolvox. Even the most distantly related sections of the genus Volvox are closer to each other phylogenetically, however, than either is to the most closely related unicellular species examined, Chlamydomonas reinhardtii (table 5, test 12 ). The simplest colonial form, Gonium, is also found to be closer phylogenetically to members of the genus Volvox than it is to the unicellular Chlamydomonas reinhardtii (table 5, test 13).
Phylogenetic Test of the "Volvocine-Lineage" Hypothesis
To test the hypothesis that the "volvocine lineage" represents a directional, phylogenetically stepwise increase in complexity from the simplest colonial form (Gonium) to multicellular forms with differentiated cell types (Volvox), two phylogenetic topologies were compared using Templeton's ( 1983) statistical criteria as modified by Felsenstein ( 1985 ) . One of these topologies contains all samples of the six genera (i.e., Chlamydomonas, Gonium, Pandorina, Eudorina, Pleodorina, and Volvox) traditionally ' Tree I has the first and second taxa (shown in boldface) as the sister group (S I); tree 2 has the first and third taxa as the sister group (S2); and tree 3 has the second and third taxa as the sister group (S3).
b In every case, the support for tree I is significant at the P < .05 level, by the test of Felsenstein (1985;  for critical values of parameters, see that reference). To aid the reader in obtaining those parameters, we note that the total number of informative sites is SI + S2 + S3 and that the number of extra substitutions required by trees 2 and 3 are SI -S2 and SI -S3, respectively.
placed on the volvocine lineage in the branching pattern given by the tree in figure 5 ( fig. 7 , Tree 1). The other topology ( fig. 7 , Tree 2) retains, within the genus Volvox, the branching pattern of figure 5 but arranges the other genera according to the predictions of the volvocine-lineage hypothesis diagramed in figure 2 . The statistical test (table 6) indicates that Tree 1 in figure 7 provides a fit to the data that is statistically superior to that of Tree 2 in figure 7 , thereby leading to rejection of the hypothesis that multicellularity of Volvox evolved in a unidirectional progression through the stages illustrated by the extant colonial forms. Furthermore, two genera (Plutydorina and Volvulina) that are frequently omitted in discussions of the volvocine lineage hypothesis (see Kochert 1973; Starr 1980) clearly are an integral part of this group ( fig. 5 ; see table 5, tests 5, 6, and 10) and appear to be at least as close to Volvox capensis phylogenetically as is Pandorina. Pandorina, Platydorina, and Volvulina ap pear to be a particularly cohesive subgroup (table 5 , tests 5, 6, and 10). -Two phylogenetic hypotheses of volvocine evolution that are compared using statistical criteria of Templeton ( I983 ) , as modified by Felsenstein ( 1985 ) . Tree 1 relates all samples of the six genera traditionally placed on the volvocine lineage (i.e., Chlamydomonas, Gonium, Pandorina. Eudorina. Pleodorina. and PO/VOX), in the branching pattern given by the tree in fig. 5 . Tree 2 retains the branching pattern of fig.  5 within the genus Volvox but arranges the other genera according to the predictions of the volvocine-lineage hypothesis diagramed in fig. 2 . The statistical test (table 6) indicates that tree 1 provides a fit to the data that is statistically superior to that provided by tree 2, thereby rejecting the notion that multicellularity of Volvox evolved in a unidirectional progression through the stages illustrated by the extant colonial forms. 
Discussion
Relationships within the Family Volvocaceae Our molecular results strongly support monophyly of the colonial and multicellular flagellates commonly included in the family Volvocaceae. The hypothesis of a unidirectional, monophyletic progression from unicellular, through colonial, to multicellular forms (represented by the sequence Chlamydomonas, Gonium, Pandorina, Eudorina, Pleodorina, and Volvox) is nonetheless falsified. The location of Gonium near the base of the clade containing the colonial and multicellular forms is consistent with the hypothesis that this may represent an approximation of the morphology ancestral for the group. Beyond this, however, there is no directional phylogenetic progression toward larger and more extensively differentiated colonial and multicellular forms. The genera Eudorina, Pandorina, Platydorina, and Volvulina appear to have greater affinity for Volvox capensis, whereas Pleodorina shows greater affinity for the remaining species of Volvox. If the branching structure reported here is correct, then Eudorina and Volvox capensis may need to be viewed as separate trends toward the development of sterile somatic cells incapable of asexual reproduction. Alternatively, Pandorina might be viewed as a reversal of such a trend.
The molecular phylogenetic results suggest examination of the alternative hypothesis that the different levels of developmental and organizational complexity that are characteristic of various extant volvocacean genera may represent different stable states, among which there may have been multiple transitions during the phylogeny of this group. This possibility is made more attractive by recent studies of gene expression patterns in Volvox carteri, in which it was shown that only two mutations are required to transform this organism into one with morphological and life-history features normally found in colonial members of the Volvocaceae, such as Eudorina (Tam and Kirk 199 1) . Earlier, a mutant of Volvox powersii was described that was morphologically identical to a member of the genus Pleodorina (Vande Berg and Starr 197 1) . From such studies it may be inferred that only a small number of genetic changes may be required to effect a transition, in either direction, between the colonial and multicellular (Volvox) type of organization and life history. Repeated developmental and phylogenetic switching among alternative stable states of complex structures has been shown to be a major theme also in the evolutionary history of some vertebrates (Wake and Larson 1987) .
Phylogenetic Transitions among Different Colonial and Multicellular Forms
In accord with views first expressed by Fritsch ( 1935, p. 105) , the present data indicate that Euvolvox, represented here by Volvox capenesis, is the most disparate section of the genus Volvox. Our data imply a diphyletic origin of Volvox within the Volvocaceae, since the most parsimonious tree places Volvox capensis in a volvocacean lineage separate from all other species of Volvox that were examined ( fig. 5 ) . A priori, a diphyletic origin of species now grouped in the genus Volvox seems much more likely than the alternative hypothesis that virtually all of the other genera in the family were derived from a Volvox-like ancestor.
The phylogenetic location of Pleodorina californica within a lineage containing all but the Euvolvox section of Volvox raises the possibility that it could have been derived from a Volvox-like ancestor. Independent evidence linking these genera includes observations that Pleodorina overlaps with Volvox-Merrillosphaera in colony size, number of reproductive cells, and time of reproductive-cell differentiation (Vande Berg and Starr 197 1) . Moreover, as mentioned above, a spontaneous mutant of Volvox powersii (section Merrillosphaera) has been described that is morphologically indistinguishable from Pleodorina (Vande Berg and Starr 197 1) .
The similarities between Eudorina and Pleodorina are particularly interesting in light of the result that Eudorina elegans and Pleodorina californica (the species examined in the present study) are not particularly close phylogenetically in the scheme presented here (fig. 5 ) . Not only do Eudorina and Pleodorina overlap in cell number, but Eudorina occasionally produces sterile somatic cells at the anterior pole (as Pleodorina regularly does), and viable progeny have even been generated from a cross between Eudorina elegans and Pleodorina illinoisensis (Goldstein 1964) . Explanation of this observation would seem to require either (a) that the ability to produce viable hybrids has been maintained among many phylogenetically diverse volvocine species, (b) that Eudorina and Pleodorina have retained reproductive features that are ancestral for the group but which may have been extensively modified in other genera, or (c) that Pleodorina californica (the species studied here) and Pleodorina illinoisensis (the species that formed viable hybrids with Eudorina elegans) do not form a cohesive monophyletic group but rather represent a level of complexity that is attained independently by different, phylogenetically disjunct lineages. More extensive molecular investigation of the phylogenetic relationships of the species in Pleodorina (and perhaps other genera) will serve to test this hypothesis.
Conclusion
The molecular data presented in the present paper do not in any way support the idea that the phylogenetic history of the family Volvocaceae has involved a linear, monophyletic progression from small and simple to larger and developmentally more complex. Mutational analysis has indicated that certain differences in organismic complexity or pathway of development that have sometimes been interpreted as constituting fundamentally important, phylogenetically significant transitions can be traversed with one or two gene mutations (Vande Berg and Starr 197 1; Tam and Kirk 199 1) . Taken together, these observations reinforce an idea presented earlier-i.e., that the different levels of developmental and organizational complexity that characterize various extant volvocacean genera may represent alternative stable states, among which there may have been multiple transitions during the phylogeny of this group.
The preceding concept, if true, does not diminish in any way the potential utility of the Volvocaceae as a model for exploring the molecular genetic basis for the evolution of one pathway to multicellularity and germ-soma differentiation. Rather, it suggests that the genetic basis for such a pathway may be sufficiently simple to be within the reach of mortal investigators.
